NLRC4 and NLRP3 each have a central nucleotide-binding oligomerization NAC HT domain and carboxy terminus leucine-rich repeats (LRRs). NLRC4 has an amino terminus caspase-activation and recruitment domain (CARD), whereas NLRP3 has a pyrin domain (Lamkanfi and Dixit, 2009 ). Analyses of macrophages lacking NLRC4 or NLRP3 suggest that these proteins activate caspase-1 in response to distinct stimuli. For example, NLRC4 is essential for caspase-1 activation in macrophages infected with intracellular pathogens including Salmonella typhimurium (Mariathasan et al., 2004) and Pseudomonas aeruginosa (Sutterwala et al., 2007) , whereas NLRP3 is required for caspase-1 activation by diverse agents including ATP, nigericin, and crystalline substances such as monosodium urate (Mariathasan et al., 2006; Martinon et al., 2006) . How NLRP3 senses cellular perturbations remains contentious, but mechanistic details of NLRC4 activation by pathogen-associated molecules are emerging. Bacterial flagellin or components of bacterial type 3 secretion systems, such as PrgJ or needle protein, bind to neuronal apoptosis inhibitory proteins (NAIPs), and this promotes interactions between the NAIPs and NLRC4 (Kofoed and Vance, 2011; Zhao et al., 2011; Yang et al., 2013) . The ligand-bound NAIPs appear to drive conformational changes in NLRC4 that expose the NAC HT domain for the recruitment and activation of further NLRC4 molecules (Hu et al., 2013 (Hu et al., , 2015 Diebolder et al., 2015; Zhang et al., 2015) . Phosphorylation of NLRC4 Ser533 has also been implicated in NLRC4 activation by S. typhimurium (Qu et al., 2012) . Specifically, immortalized NLRC4-deficient myeloid cells reconstituted with wild-type NLRC4 displayed infection-induced caspase-1 activation, whereas cells reconstituted with mutant NLRC4 S533A did not. Unfortunately, the cryo-electron microscopy structures of NAIP-oligomerized NLRC4 are low resolution and provide little insight into how phosphorylation of NLRC4 Ser533 contributes to inflammasome assembly.
NLRC4 and NLRP3 each have a central nucleotide-binding oligomerization NAC HT domain and carboxy terminus leucine-rich repeats (LRRs). NLRC4 has an amino terminus caspase-activation and recruitment domain (CARD), whereas NLRP3 has a pyrin domain (Lamkanfi and Dixit, 2009 ). Analyses of macrophages lacking NLRC4 or NLRP3 suggest that these proteins activate caspase-1 in response to distinct stimuli. For example, NLRC4 is essential for caspase-1 activation in macrophages infected with intracellular pathogens including Salmonella typhimurium (Mariathasan et al., 2004) and Pseudomonas aeruginosa (Sutterwala et al., 2007) , whereas NLRP3 is required for caspase-1 activation by diverse agents including ATP, nigericin, and crystalline substances such as monosodium urate (Mariathasan et al., 2006; Martinon et al., 2006) . How NLRP3 senses cellular perturbations remains contentious, but mechanistic details of NLRC4 activation by pathogen-associated molecules are emerging. Bacterial flagellin or components of bacterial type 3 secretion systems, such as PrgJ or needle protein, bind to neuronal apoptosis inhibitory proteins (NAIPs), and this promotes interactions between the NAIPs and NLRC4 (Kofoed and Vance, 2011; Zhao et al., 2011; Yang et al., 2013) . The ligand-bound NAIPs appear to drive conformational changes in NLRC4 that expose the NAC HT domain for the recruitment and activation of further NLRC4 molecules (Hu et al., 2013 (Hu et al., , 2015 Diebolder et al., 2015; Zhang et al., 2015) . Phosphorylation of NLRC4 Ser533 has also been implicated in NLRC4 activation by S. typhimurium (Qu et al., 2012) . Specifically, immortalized NLRC4-deficient myeloid cells reconstituted with wild-type NLRC4 displayed infection-induced caspase-1 activation, whereas cells reconstituted with mutant NLRC4 S533A did not. Unfortunately, the cryo-electron microscopy structures of NAIP-oligomerized NLRC4 are low resolution and provide little insight into how phosphorylation of NLRC4 Ser533 contributes to inflammasome assembly.
We further explored the significance of NLRC4 Ser533 phosphorylation using macrophages from NLRC4 S533A knock-in mice. Our results indicate that this posttranslational modification is required for optimal caspase-1 activation, but it is not essential. NLRC4 S533A, like wild-type NLRC4, can bind to NLRP3 protein that is induced after infection and then NLRP3 engages ASC to activate caspase-1.
RES ULTS AND DIS CUS SION NLRC4 mutation S533A reduces but does not abolish NLRC4 inflammasome activity
Primary BMDMs infected with S. typhimurium expressing the type 3 secretion system SPI-1 phosphorylate NLRC4 on Ser533 (Qu et al., 2012) . To explore the significance of NLRC4 Ser533 phosphorylation, we created Nlrc4
knock-in mice expressing the NLRC4 S533A mutant (Fig. 1 A) . A 3xFlag epitope tag was fused to the carboxy terminus in a second round of gene targeting to facilitate NLRC4 protein detection and to allow comparisons to the wild-type NLRC4.3xFlag knock-in mouse (Nlrc4 3xF/3xF
) that we generated previously (Qu et al., 2012 protein but, as expected, Ser533 phosphorylation was detected only in wild-type cells after infection with S. typhimurium, or after stimulation with LPS followed by flagellin transfection (Fig. 1 B) . Interestingly, Nlrc4 S533A/S533A
BMDMs differed from Nlrc4
−/− BMDMs in that they produced cleaved, active caspase-1 after infection, albeit ∼1.5 h later than Nlrc4 +/+ BMDMs ( Fig. 1 C) . Consistent with this finding, Nlrc4 S533A/S533A BMDMs exhibited delayed caspase-1-dependent release of IL-1β and lactate dehydrogenase (LDH), the latter a measure of cell death (Fig. 1, D and E). Secretion of TNF after infection was not impaired by the NLRC4 S533A mutation, indicating a specific defect in caspase-1 activation (Fig. 1 F) . In addition, only NLRC4-dependent caspase-1 activation was compromised because Graphed data (mean ± SD) are pooled from three independent experiments for a total of two to three mice of each genotype. P-values were determined by the Student's t test. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
Nlrc4
S533A/S533A BMDMs exhibited normal caspase-1 cleavage (Fig. 1 G) and IL-1β secretion (Fig. 1 H) in response to ATP or transfected double-stranded DNA (dsDNA), which stimulate NLRP3 and AIM2 inflammasome activity, respectively (Mariathasan et al., 2006; Jones et al., 2010) .
NLRP3 contributes to the NLRC4 inflammasome
The milder inflammasome activation defect of Nlrc4 S533A/S533A
BMDMs compared with Nlrc4
−/− BMDMs prompted us to revisit our earlier experimental system of Nlrc4 −/− immortalized macrophage progenitors reconstituted with NLRC4 S533A. Macrophages differentiated from these progenitors failed to activate caspase-1 after infection with S. typhimurium (Qu et al., 2012) . These immortalized macrophages induced NLRP3 poorly in response to S. typhimurium when compared with primary BMDMs (Fig. 2 A) . Given that both NLRP3 and NLRC4 promoted caspase-1 activation after a long infection with stationary phase S. typhimurium expressing little SPI-1 (Broz et al., 2010a) , we wondered if NLRP3 might have an unrecognized role during acute infection of primary BMDMs with SPI-1-expressing bacteria. To focus solely on NLRC4-dependent signaling events, we primed BMDMs with LPS to mimic infection-induced up-regulation of NLRP3 (Fig. 2 B) , and then transfected (H and I) Graphs show IL-1β (H) and LDH (I) released from BMDMs. Graphed data (mean ± SD) are pooled from three independent experiments for a total of three mice of each genotype. P-values were determined by the Student's t test. *, P < 0.05; **, P < 0.01.
the cells with flagellin from S. typhimurium to stimulate NLRC4 specifically (Franchi et al., 2006; Miao et al., 2006) . Nlrc4 S533A/S533A and Nlrp3 −/− BMDMs processed caspase-1 and pro-IL-1β slower than Nlrc4 +/+ BMDMs (Fig. 2 C) and, over the course of an experiment, this translated into reduced IL-1β (Fig. 2 D) and LDH release (Fig. 2 E) . Nlrc4
−/−
BMDMs, as expected, failed to cleave caspase-1 and secrete IL-1β, whereas TNF secretion was equivalent between all the genotypes (Fig. 2 F) . Phosphorylation of NLRC4 Ser533 was normal in Nlrp3 −/− BMDMs (Fig. 2 G) , indicating that NLRP3 contributed to NLRC4-dependent inflammasome signaling by some other mechanism.
LPS priming induces expression of caspase-11, as well as NLRP3 (Kayagaki et al., 2013) . Unlike NLRP3, however, caspase-11 was dispensable for LPS/flagellin-induced secretion of IL-1β and LDH (Fig. 2, H and I) . In control experiments, caspase-11 deficiency impaired IL-1β and LDH release in response to intracellular LPS as previously described (Kayagaki et al., 2013) . These data indicate that NLRP3-dependent caspase-1 activation in BMDMs treated with LPS/ flagellin was not merely a consequence of residual LPS from the priming step entering the cytoplasm during transfection and engaging caspase-11 (Kayagaki et al., 2011 (Kayagaki et al., , 2013 .
Given that NLRP3 is induced in BMDMs after infection with S. typhimurium or after treatment with TLR agonists (Fig. 2 B) , we reasoned that NLRP3 probably contributed little to flagellin-induced inflammasome signaling if BMDMs were not primed with LPS. Indeed, caspase-1 processing in Nlrc4 +/+ BMDMs transfected with flagellin without priming was equivalent to that seen in similarly treated Nlrc4 S533A/S533A and Nlrp3 −/− BMDMs (Fig. 3 A) . In addition, LDH release in the Nlrc4
, and Nlrp3
cultures was equivalent at 2 h after transfection with flagellin (Fig. 3 B) . Collectively, our data suggest that up-regulation of NLRP3 after LPS stimulation of TLR4 allows NLRP3 to support NLRC4-dependent activation of caspase-1.
NLRP3 interacts with wild-type NLRC4 and NLRC4 S533A
Confocal and super-resolution microscopy of macrophages infected with S. typhimurium has suggested that NLRC4 and NLRP3 co-localize with ASC and caspase-1 (Man et al., 2014) . Size exclusion chromatography of Nlrc4 3xF/3xF BMDM lysates indicated that a portion of NLRC4 and pro-caspase-1 shifted into macromolecular complexes after S. typhimurium infection (Fig. 3, C and D) . We failed to detect NLRP3 in any of the chromatography fractions, probably reflecting that our NLRP3 antibody was not sensitive enough to detect low levels of NLRP3. Equivalent analyses of Nlrc4 S533A.3xF/S533A.3xF BMDMs revealed that some NLRC4 S533A was found in macromolecular complexes even in In D and F, cells were infected for 3 h (MOI = 10). All cultures contained pancaspase inhibitor Z-VAD-FMK to limit pyroptosis. One less fraction was collected in E and F than in C and D. Graphed data (mean ± SD) are pooled from three independent experiments for a total of three mice of each genotype.
uninfected cells (Fig. 3 E) . Of note, however, pro-caspase-1 was absent from macromolecular complexes both before and after infection of Nlrc4 S533A.3xF/S533A.3xF BMDMs with S. typhimurium (Fig. 3, E and F ). This last result was consistent with a role for NLRC4 S533 phosphorylation in the optimal recruitment of pro-caspase-1 into the NLRC4 inflammasome. NLRC4.3xFlag and NLRC4.S533A.3xFlag both coimmunoprecipitated with NLRP3 after BMDMs were treated with LPS/flagellin (Fig. 4 A) . Therefore, NLRC4 S533 phosphorylation is dispensable for the interaction of NLRP3 with NLRC4. NLRP3 also coprecipitated ASC in an NLRC4-dependent manner (Fig. 4, B and C) , but phosphorylation on NLRC4 S533 was not required (Fig. 4, D and E) . As expected, caspase-1 was dispensable for the NLRC4-dependent interaction between NLRP3 and ASC (Fig. 4, F and G) . In control experiments, LPS-primed BMDMs were transfected with dsDNA or treated with ATP (Fig. 4 H) . Consistent with ATP stimulation engaging NLRP3 and ASC independent of NLRC4 (Mariathasan et al., 2004 (Mariathasan et al., , 2006 , NLRP3 associated with ASC after LPS/ATP treatment even in Nlrc4 −/− BMDMs. Consistent with dsDNA engaging the AIM2 inflammasome and not the NLRP3 inflammasome (Jones et al., 2010) , NLRP3 failed to interact with ASC after LPS/ dsDNA treatment (Fig. 4 H) .
We explored the domains in NLRC4 required for binding to NLRP3 in a 293T overexpression system. The LRRs, CARD, and phosphorylation of S533 in NLRC4 were dispensable for the binding of NLRC4-Flag to NLRP3-eGFP (Fig. 5) . The interaction was abolished, however, by loss of both the NAC HT domain and LRRs in NLRC4. In light of these results, we hypothesized that caspase-1 activation in Nlrc4 S533A/S533A BMDMs infected with S. typhimurium was delayed rather than abolished because the NLRC4 S533A mutant could recruit NLRP3 and ASC. Consistent with such a model, Nlrc4
S533A/S533A Nlrp3 −/− BMDMs showed a marked reduction in NLRC4-dependent processing of caspase-1 and IL-1β after S. typhimurium infection (Fig. 6 A) or LPS/flagellin treatment (Fig. 6 B) when compared with Nlrc4 S533A/S533A BMD MS, although we note that processing was not abolished completely. It is unclear if this residual processing of caspase-1 reflects the involvement of yet a third NLR family member or if the NLRC4 S533A mutant itself retains some limited capacity to recruit pro-caspase-1 directly via its CARD. In control experiments, Nlrc4 S533A/S533A Nlrp3 −/− BMDMs processed caspase-1 and IL-1β normally after stimulation with LPS/dsDNA (Fig. 6 C) . Nlrc4 S533A/S533A Nlrp3 −/− BMDMs also released less IL-1β and LDH than Nlrc4 S533A/S533A BMDMs after infection with S. typhimurium (Fig. 6 D) or treatment with LPS/flagellin (Fig. 6 E) . These findings indicate that NLRP3 is in large part responsible for NLRC4-dependent caspase-1 activation in Nlrc4 S533A/S533A BMDMs. A model arises wherein up-regulated NLRP3 is recruited to NLRC4 to amplify caspase-1 activation. We speculate that a NAIP-NLRC4 interaction permits NLRP3 recruitment and then a conformational change in NLRP3 permits its interaction with ASC. Whereas the CARD of NLRC4 can bind directly to the CARD of pro-caspase-1 (Poyet et al., 2001) , the pyrin domain of NLRP3 presumably engages the pyrin domain of ASC, and then the CARD in ASC binds to the CARD in pro-caspase-1. Our simplified model does not speak to the role that ASC appears to have in NLRC4 signaling that is independent of NLRP3. For example, NLRP3 is dispensable for the formation of an ASC focus that processes caspase-1, IL-1β, and IL-18 in BMDMs infected with S. typhimurium (Mariathasan et al., 2004 (Mariathasan et al., , 2006 Broz et al., 2010a; b) . In this complex, perhaps ASC is recruited via its CARD when NLRP3 is absent. Notably, NLRC4 deficiency has a much greater impact than ASC deficiency on caspase-1-dependent pyroptosis in BMDMs infected with S. typhimurium (Mariathasan et al., 2004) . Some NLRC4 is proposed to activate caspase-1 in distinct complexes lacking ASC without causing caspase-1 autoproteolysis (Broz et al., 2010b) .
MAT ERI ALS AND MET HODS
Mice. Nlrc4 S533A/S533A mice (Genoway) and Nlrc4
S533A.3xF/S533A.3xF mice (Taconic) were generated from C57BL/6 embryonic stem cells. For Nlrc4 S533A/+ mice, TaqMan primers 5′-CCT ACA AGG ACT TTC AGT CAC CAA-3′ and 5′-CAT CTT GCT CAG TGG TAT TTC TCA GA-3′ amplified an 83-bp fragment that was detected by a wild-type (AGG CAG GAA TCAA) or knock-in (AGG CAG GAA GCCA) probe. For
Nlrc4
S533A.3xF/+ mice, primers 5′-ACG GGC TGG GAG TTT GA-3′ and 5′-CTT GTA GGT GGT GCG AAT CA-3′ amplified a 219-bp wild-type fragment and a 285-bp knock-in Graphed data (mean ± SD) are pooled from three independent experiments for a total of three mice of each genotype. P-values were determined by the Student's t test. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
